Many voxel-based morphometry (VBM) studies have found abnormalities in gray matter density (GMD) in obsessive-compulsive disorder (OCD). Here, we performed a quantitative meta-analysis of VBM studies contrasting OCD patients with healthy controls (HC). A literature search identified 10 articles that included 343 OCD patients and 318 HC. Anatomic likelihood estimation meta-analyses were performed to assess GMD changes in OCD patients relative to HC. GMD was smaller in parieto-frontal cortical regions, including the supramarginal gyrus, the dorsolateral prefrontal cortex, and the orbitofrontal cortex, and greater in the basal ganglia (putamen) and the anterior prefrontal cortex in OCD patients relative to HC. No significant differences were found between children and adults. Our findings indicate differences in GMD in parieto-frontal areas and the basal ganglia between OCD patients and HC. We conclude that structural abnormalities within the prefrontal-basal ganglia network are involved in OCD pathophysiology.
INTRODUCTION
Obsessive-compulsive disorder (OCD) is a disabling anxiety disorder characterized by a chronic course. Over recent decades, several neuroimaging studies have contributed to identify changes in the brain that may mediate the disorder. For instance, functional abnormalities have been consistently described within frontosubcortical loops, which originate in the orbitofrontal cortex (OFC) (Menzies et al, 2008a) .
A recently developed whole-brain technique, called voxelbased morphometry (VBM), allows voxel-wise between group comparisons of the local concentration of gray matter, often referred to as 'gray matter density' (GMD) (Ashburner and Friston, 2000) . VBM allows researchers to locate structural abnormalities with high anatomic resolution, which contributes to the better understanding of OCD pathophysiology. However, results from VBM studies have remained inconsistent and controversial. For example, some studies have found that OCD patients have greater OFC compared with control subjects (Valente et al, 2005; Szeszko et al, 2008; Yoo et al, 2008) , and some other studies reported a smaller OFC in OCD patients (Pujol et al, 2004; Christian et al, 2008; Lázaro et al, 2009 ). Thus, a quantitative overview of VBM findings in OCD is necessary.
Here, we conducted an anatomic likelihood estimation (ALE) meta-analysis of VBM studies contrasting OCD patients and healthy controls (HC). The ALE method is a powerful voxel-based meta-analytic technique, which was originally designed for not only functional neuroimaging studies (Turkeltaub et al, 2002) , but it is also appropriate for VBM studies Glahn et al, 2008) . The aim of the present meta-analysis was to identify brain areas implicated across published VBM studies in OCD. Furthermore, to assess neurodevelopmental GMD changes in OCD, we compared structural abnormalities between children and adults.
MATERIALS AND METHODS

Literature Search and Study Selection
We searched the MEDLINE and PsycINFO databases through April 2009, without limits on the year of publication, using the keywords 'obsessive compulsive disorder,' 'imaging,' 'neuroimaging,' 'structural imaging,' 'magnetic resonance imaging,' 'MRI,' 'morphometry,' or 'voxel-based morphometry.' The reference lists of identified articles and review articles were also searched to obtain additional papers. Studies were considered for inclusion if (1) they were published in English in a peer-reviewed journal, (2) they included subjects with a primary diagnosis of OCD on the basis of DSM-III, DSM-III-R, DSM-IV, or DSM-IV-R criteria, (3) they used the VBM method (Ashburner and Friston, 2000) , (4) they compared an OCD group with an HC group, and (5) they reported whole-brain results and stereotactic (x, y, z) coordinates of group differences. To ensure that data were not entered twice from a study population that had been analyzed in more than one publication, all articles written by a given research group were carefully scrutinized. In such cases, we systematically included data from the authors' largest study population and excluded others. In case in which we could not determine data originality, we contacted the corresponding author to determine whether there was subject overlap between multiple studies.
We identified 10 VBM studies in our database search. These studies included 343 OCD patients (80 children and 263 adults) and 318 HC (69 children and 249 adults) (Pujol et al, 2004; Valente et al, 2005 , Carmona et al, 2007 Christian et al, 2008; Szeszko et al, 2008; Gilbert et al, 2008a, b; Yoo et al, 2008; Lázaro et al, 2009; Van den Heuvel et al, 2009) . Study selection was performed by one author (J-YR) and independently verified by another (NL).
Data Extraction
The identified articles included 66 foci (26 in children and 40 in adults), among which 23 corresponded to a greater gray matter (10 in children and 13 in adults) and 43 corresponded to a smaller gray matter (16 in children and 27 in adults) in OCD patients compared with HC. For each study, we identified the standardized atlas (Montreal Neurological Institute or Talairach spaces) and Standardized Precipitation Index (z-scores or t-values) that was used. The Montreal Neurological Institute coordinates were transformed into Talairach coordinates using the icbm2tal algorithm (Lancaster et al, 2007) . For each focus, we extracted the corresponding coordinates, volumes, and SPI values. Data extraction was performed by one author (J-YR) and independently verified by another (NL).
ALE Meta-Analyses
ALE analyses were completed using Scribe, Sleuth, and GingerALE software (BrainMap, University of Texas) (Lancaster et al, 2007; Laird et al, 2005a, b) . Separate ALE maps were created for coordinates associated with greater or smaller GMD in OCD patients compared with HC. Additional ALE maps were created for samples from children and adults, and they were then compared. Analyses were performed after recommendations from BrainMap (http://www.brainmap.org). A full-width half-maximum of 12 mm was used. A permutation test of randomly distributed foci allowed the determination of the statistical significance of the resulting ALE values, corrected for multiple comparisons. Five thousand permutations were performed using the same full-width half-maximum value and the same number of foci used to compute ALE values. A conservative threshold for statistical significance was set at po0.05 (false discovery rate corrected) with a minimum cluster size of 400 mm 3 . We used MRIcron software (http:// www.sph.sc.edu/comd/rorden/mricron/) to visualize ALE maps overlaid onto a high-resolution brain template generated by the International Consortium for Brain Mapping (Kochunov et al, 2002) .
RESULTS
The ten identified VBM studies and the main characteristics of the included populations are presented in Table 1 . The results from ALE meta-analyses of VBM studies that included both children and adults are reported in Table 2 and depicted in Figure 1 . GMD was smaller in many cortical areas, including the frontal eye fields (FEF) (Brodmann Area[BA] 8, superior frontal gyrus), supramarginal gyrus (BA 40), dorsolateral prefrontal cortex (DLPFC) (BA 9, middle frontal gyrus), and the medial part of the anterior prefrontal cortex (aPFC) (BA 10, medial frontal gyrus). GMD was greater in the putamen and in the lateral part of the OFC (BA 47, inferior frontal gyrus) in patients with OCD.
The results from ALE meta-analyses of children and adult samples are presented in Supplementary Materials (Supplementary Tables S1-2; Supplementary Figures S1-2). To assess differences in GMD with age, we compared the ALE maps generated for children and adult samples. No significant difference was found.
We next examined the effect of the statistical threshold chosen for the generation of ALE maps. The use of a more conservative threshold (po0.01) did not affect the results for any reported analysis, except that cluster volumes were generally smaller, requiring consideration of clusters under 400 mm 3 . Finally, we conducted leave-one-out sensitivity analyses by repeating the analyses with the consecutive exclusion of each study to ensure that the overall results were not influenced by a single study. We found no marked differences regarding cerebral regions that showed GMD differences when using cluster size o400 mm 3 . No significant differences were found when comparing each generated ALE map to the overall ALE map (Figure 1) .
DISCUSSION
The present voxel-based meta-analysis pooled VBM studies that found structural changes in gray matter in 343 OCD patients. Our results showed that OCD patients exhibited smaller GMD in several parietal and frontal cortical areas and greater GMD in the basal ganglia and in the lateral part of the OFC. The findings from the present meta-analysis are consistent with currently accepted neurobiological models of OCD, which focus on dysfunction in OFC-striatal circuits. In a recent review, Menzies et al (2008a) showed that findings from anatomical and functional neuroimaging studies are compatible with those from cognitive studies. Furthermore, the authors outlined the involvement of areas other than the OFC and striatum in OCD, in particular the DLPFC and the parietal cortex.
Recently, a prior meta-analysis of ROI volume studies in OCD reported a smaller volume in the OFC, in the anterior cingulate cortex (ACC), and a higher volume in the thalamus, but no change in the basal ganglia (Rotge et al, 2009) . The results from this ROI meta-analysis seem to be in contrast to the present findings from a VBM meta-analysis.
There may be many reasons for such discrepancies. First, there were a larger number of studies included in the ROI meta-analysis than in the VBM meta-analysis, which may minimize the risk of false negatives in ROI studies. Second, clinical samples from studies included in the ROI meta-analysis differ from those included in the VBM meta-analysis. For example, the ROI meta-analysis mainly includes adult studies, whereas 40% of the studies of VBM meta-analysis corresponded to samples from children. Finally and most importantly, methodological differences between ROI and VBM techniques may account for these discrepancies. Indeed, VBM is useful for identifying brain abnormalities within whole brains, but factors other than volume alone may influence VBM results. For example, changes in the shape or displacement of structures in the course of spatial normalization may affect the final results (Kubicki et al, 2002) . However, VBM studies and the present meta-analysis extend results from the prior ROI meta-analysis and provide new information regarding structural alterations in OCD. This is especially true for brain regions that have been poorly investigated in ROI studies, such as the parietal cortex or DLPFC, and for subterritories of a given brain region, such as the prefrontal cortex.
Smaller GMD was identified in the FEF, DLPFC, supramarginal gyrus, and aPFC. These structural changes may be related to neuropsychological impairments described in OCD patients. Spengler et al (2006) described oculomotor impairments and a higher frequency of anticipatory saccades in OCD patients relative to HC, suggesting the existence of dysfunctional events in the FEF of OCD patients. Furthermore, there is evidence for dysfunction of the DLPFC in OCD. Impairments in executive functions, such as planning, have been described in OCD patients. These deficits were associated with decreased activation in this cortical area when compared with HC ( Van den Heuvel et al, 2005) . Smaller GMD found in the supramarginal gyrus, a part of the parietal cortex, is consistent with diffusion tensor imaging studies (Menzies et al, 2008b ) that showed white matter abnormalities in this brain region and with functional imaging studies that showed a negative relationship between regional cerebral blood flow and symptom intensity (McGuire et al, 1994) . These findings suggest that the supramarginal gyrus may have a function in the ability of patients to resist the obsessive processes. However, the functional contribution of this cortical area to OCD remains unclear and further studies are required to investigate its function in OCD pathophysiology. Finally, GMD was also found to be smaller within the aPFC. Many neuroimaging studies have shown that this cortical area is involved in multiple cognitive tasks. However, when examining commonalities across studies, Ramnani and Owen (2004) have proposed that the aPFC should contribute to the coordination of information processing and information transfer between multiple operations across the supramodal cortex. In regard to OCD phenomenology, it could be assumed that dysfunction of the aPFC could play a role in deficits in cognitive flexibility, in particular in cognitive reallocation, which may contribute to maintenance of repetitive behaviors. However, the specific function of the aPFC in OCD remains unknown and awaits clarification.
Greater GMD was identified in the bilateral putamen, which is a part of the striatum. This finding is consistent with neurobiological models of OCD and with functional neuroimaging studies suggesting that dysfunction in the putamen contributes to the pathogenesis of OCD (Menzies et al, 2008a; Rauch et al, 1997) . Furthermore, OCD symptom severity was associated with metabolic activity in the putamen , whereas decreased metabolic activity in the putamen after pharmacological treatment was associated with an improvement in cognitive function in OCD patients (Kang et al, 2003) . GMD was also found to be greater in the lateral part of the OFC in OCD patients compared with HC. The OFC is thought to have a function in several cognitive processes, such as the selection, comparison, and judgment of motivationally salient stimuli, and in the motivational aspects of decision making. In particular, the OFC has a function in error prediction by encoding the representation of the value of an expected outcome, which is used to anticipate the positive and negative consequences that are likely to follow a given action (O'Doherty, 2007; Wallis, 2007) . The OFC also increases the evaluation of the occurrence of negative consequences that may follow an action in OCD and, therefore, mediates obsessive thoughts that lead to repetitive or ritualistic behaviors intended to prevent negative consequences as a way to relieve anxiety. The OFC is likely related to deficits of cognitive regulation of emotionally salient information. Accordingly, Chamberlain et al (2008) recently showed that, in comparison with HC, lateral OFC activation is reduced during a task that assesses behavioral flexibility in OCD patients and in unaffected relatives. These findings suggest that the lateral OFC could have a central function in cognitive flexibility deficits and, thus, in the genesis of pathological habits (Chamberlain et al, 2008) .
In the present meta-analysis, we failed to show any significant differences in GMD between children and adults. This was an unexpected result because many factors should reasonably contribute to GMD changes with aging. First, children and adults differ for different clinical variables, such as illness duration, age of onset, or treatment intervention, which may potentially influence neuroimaging findings. Second, there are several lines of evidence in the literature suggesting that OCD is a neurodevelopmental disorder. Rosenberg and Keshavan (1998) proposed that OCD may be underlined by 'a developmentally mediated network dysplasia in prefrontal cortical circuits'. This neurodevelopmental view may be supported by differences in GMD between children and adults. One possible explanation for the absence of any significant differences between pediatric and adult samples may be the low number of foci, which may contribute to false negative results. Further hypothesis-driven ROI studies could be helpful to resolve this issue.
The present meta-analysis has several limitations. First, our meta-analysis is subject to publication bias. Studies that failed to show significant effects may not have been published. In the present meta-analysis, we identified only 10 VBM studies and we did not identify any articles without an effect. Second, we failed to consider clinical variables, such as symptom dimensions, medication status, comorbidity status, and symptom severity scores. Although these variables may be associated with differential structural abnormalities, the low number of VBM studies did not allow us to control for these factors. However, the absence of marked difference when consecutively excluding each study argues in favor of the robustness of our findings despite the clinical heterogeneity of study populations.
In conclusion, the present meta-analysis of VBM studies showed that OCD patients exhibited gray matter abnormalities in parieto-frontal cortical areas and in the basal ganglia. Further structural neuroimaging studies are required to assess gray matter changes associated with clinical correlates. Furthermore, functional studies may be helpful to elucidate the specific function of these areas in the genesis of OCD symptoms.
